Interactions between plasmas and their surrounding materials (plasma facing components) are with the survivability of these materials, as well as the impact of these interactions back on the plasma. These interactions begin on the surface, but can have consequences a few microns into the material.This mini-conference on these "first microns" was designed to bring to the Division of Plasma Physics Meeting experts on these topics who would otherwise not attend. At the same time, the mini-conference was intended to expose the broader fusion community to these issues.
I. INTRODUCTION
Processes occurring at the surface of the material wall surrounding magnetic fusion devices have frequently played a crucial role in the experiments' energy confinement (i.e., performance) 1 . Examples are: the introduction of low-Z limiters to reduce plasma-wall interactions and overcome the impurity radiation barrier; the usage of conditioning discharges and coating techniques such as boronization to attain large increases in plasma temperature; and the injection of lithium that dramatically increased the performance of the last shots 2 of the Tokamak Fusion Test Reactor 3 (TFTR). In spite of these readily acknowledged experimental achievements, researchers have developed only a limited understanding of multi-material interactions (especially important given ITER's choice of beryllium, carbon, and tungsten 4, 5 ), tritium retention, film deposition and dust formation, etc. Moreover, the available information is largely an empirical "how to" recipe and is not based on a thorough understanding of the underlying physics that can be confidently projected to other devices.
Meanwhile, within the materials science community first principles models of surface physics have been made practical by the rapid increases in computational power and associated scientific and algorithmic improvements over the last decade. The resulting simulation codes can describe the response and evolution of materials to plasma bombardment at a variety of length and time scales, down to those of the atoms themselves (see, for example, Ref. 6 and other papers presented at that workshop). At the same time, experimental techniques for characterizing these processes have continued to improve in accuracy. The talks presented at this mini-conference, combined with the separate tutorial talk by Professor Nasr Ghoniem, provided an opportunity for the broader fusion community to learn about this important topic.
The mini-conference consisted of three half-day sessions, each with roughly 7 20-minute talks covering lithium surfaces and coatings, mixed materials characteristics, and issues associated with graphite and other materials.
II. LITHIUM COATINGS AND SURFACES
The fusion community has long contemplated the use of lithium for conditioning in-vessel tiles or as a plasma facing material. The ability of lithium to absorb hydrogen atoms is usually a prime consideration in these applications. Lithium coatings are also known to getter oxygen and to reduce impurity influxes into the plasma. These combined characteristics are believed to be largely responsible for the tremendous improvements in confinement seen in TFTR's lithium coating experiments 2 . Liquid lithium is also being considered as a primary plasma facing component because of its ability to "self heal" and to absorb high heat fluxes (in addition to its absorption properties). The liquid lithium experiments While the patterns of shadowed regions matched well, the distributions in un-shadowed areas differed in detail. The suspicion is that this discrepancy reflects erosion and redeposition by the plasma. Simulations indicate that this sort of lithium evaporation is useful for passivating water remaining in the graphite tiles. The desired degree of core plasma density control could then be obtained via pumping by a liquid lithium tray in the NSTX divertor.
J. R. Timberlake (Princeton Plasma Physics Laboratory) described simple chemical analyses, electron microscopy, and energy dispersive X-ray spectroscopy of lithium deposits taken from NSTX after the 2007 run campaign. Thick deposits of lithium compounds that had formed near the evaporator's output aperture were tested with litmus paper and immersion in water (after exposure to air in the collection process). The results were consistent with the deposits consisting of lithium particles embedded within lithium hydroxide. In particular, there were no indications of the presence of lithium carbide, leading to the inference that the lithium here was not reacting directly with the graphite tiles. Electron microscopy of the coatings showed a similar morphology of coatings on graphite and gold coated quartz crystals, but a different morphology of coatings on polished silicon coupons (Fig. 1) , revealing the influence of the substrate on the coating morphology. Energy dispersive analysis also showed that the trace metals found in the lithium coatings from NSTX did not originate in the evaporator.
C. Skinner (Princeton Plasma Physics Laboratory) discussed measurements of mass de-position in NSTX, during lithium conditioning and in general, using quartz crystal microbalances (QMB's). The key feature of the QMB as a material diagnostic is that it provides time resolved data at a particular location; one limitation is that this location must be in a low heat flux region to avoid damage to the QMB. Two QMB's operated continuously over a several month long campaign in NSTX showed that for a given shot the deposited mass increases rapidly and then slowly decays. However, the step-up on the first shot of the day is larger than that of subsequent shots by far
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. At the end of the run day, the deposited mass decays over several hours. These observations are consistent with the mass increases being predominantly due to dynamic retention. In the scenario described by Skinner, deuterium outgasses from the graphite tiles overnight . In contrast, particles sputtered from the surface come from within the first 2 -3 monolayers
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. The sputtering rate does not depend on whether or not the lithium is liquid unless the surface temperature is more than 50% above the melting point, in which case the sputtering rate greatly exceeds that due to evaporation 15 . If the lithium is saturated with deuterium, deuterium atoms are preferentially sputtered, resulting in a 40% reduction in the lithium sputtering rate nm, assuming equal numbers of lithium and carbon atoms in the sputtered material), the sputtering yields were ∼ 20% of those found with pure lithium (Fig. 2) . The inferred conclusion is that the lithium is forming surface or near-surface compounds with the graphite, resulting in a reduced sputtering rate. But, at the same time it impairs the pumping ability of the coatings. This is consistent with the NSTX observations of a limited duration for the beneficial effects of lithium evaporation. Estimates suggest that these effects could impair the ability of the liquid lithium to flow to the top of the porous mesh where it would be needed to replace evaporated material. The Solid/Liquid Lithium Divertor Experiment (SLiDE) being built at the University of Illinois will study this and other effects more thoroughly.
III. CHARACTERISTICS OF MIXED MATERIALS
The use of different materials for various plasma-facing components (e.g., divertor plate, baffles, and main-chamber wall) substantially complicates the understanding of the surface layer that forms owing to material erosion, transport within the edge plasma, and final redeposition on a remote surface. Such considerations are of great current interest as the ITER design calls for carbon divertor plates, nearby tungsten baffles, and a beryllium mainchamber wall for the initial physics phase. It is important to understand the maximum heat flux such materials can withstand and their sputtering yields in a fusion plasma environment.
In addition, the ability to predict the amount of hydrogen isotopes that can be retained in these materials, as well as a means to periodically remove the same, is a key issue for fusion devices where safety regulations limit the amount of tritium that can reside in the walls.
J. Hanna (University of California at San Diego) described a set of results from the linear
PISCES-B
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experimental device with an axial magnetic field that approximates plasma conditions in the divertor region of a tokamak discharge. PISCES-B operates within an overall safety enclosure that prevents release of any material, thereby making the device ideally suited to study beryllium (Be) interactions with carbon (C) and tungsten (W) surfaces in a plasma discharge. This presentation focused on Be/C interactions, and the following presentation by Baldwin considered Be/W mixtures. At one end of the device, the plasma is terminated by a sample of C, and the Be is introduced as a gas along a portion of the radial wall from an oven whose temperature controls the magnitude of the evaporative Be flux onto the hydrogen, deuterium, or helium plasma column. Electron and ion energies are similar to that expected in the divertor of ITER, while the electron density and confining magnetic field are typically substantially smaller. In addition to steady-state plasma con-ditions, the effect of transients in the plasma energy flux to a sample divertor surface from Edge Localized Modes (ELM) in tokamaks is simulated in PISCES-B by biasing the sample with a fast pulse network yielding a minimum width of ∼ 10ms.
The key Be/C results reviewed by Hanna are as follows: a Be concentration within the plasma as small as 0.2% compared to deuterium is sufficient to strongly suppress carbon erosion for the end plates as measured by CD and C emission. X-ray photoelectron spectroscopy of the plate surface confirms the formation of a carbidic layer of C, which mitigates C chemical erosion 22 . The time constant for the reduction of C erosion is fit by a simple empirical formula that includes variations of plasma flux, ion energy, and surface temperature; the time constant is typically many seconds 23 . Increased surface temperature during the ELM simulation is found to give the lower range of the time constant 24, 25 . It is also found that deuterium retention for a pure Be 2 C surface is ∼ 2 times larger compared to a C surface, and that both decrease about an order of magnitude from ∼ 50 M. J. Baldwin (University of California at San Diego) then presented result from PISCES-B on Be/W, where W inserted into the sample holder at one end. Because a fusion plasma will contain helium (He), there is interest in understanding previous observations of bubble and blister formation and surface nano-structures for a W surface exposed to a He plasma [26] [27] [28] . Thus, this presentation concentrated on the properties of the nano-structures observed on W plates in PISCES-B exposed to an He plasma discharge (Fig. 3 ) and reported the effect of Be gas injection. Without Be, the W nano-structure complex (having many voids) beyond the surface can grow to ∼ 1 µm with a negligible weight loss/gain of the W target. At this size, there is a question of if the He plasma can interact with the solid W surface, but the structures do continue to grow (hot W immersed in He gas do not grow these structures). The growth of the nano-structures obeys a simple diffusion modeling yielding a thickness that increases as t may lead to a carbon deposition in the gaps even when the front surface is clean, and that the deposition pattern may be non-monotonic. According to deposition-re-erosion conditions, the gaps are divided into different zones (Fig. 5) away from the surface facing the plasma: the first has line-of-sight contact with streaming plasma along the tilted magnetic field line (zone 1), the second is a region where re-sputtered hydrocarbons can diffuse more deeply via multiple "reflections" off the gap walls (zone 2), and the final section is where the downward moving hydrocarbons are mostly deposited (below zone 2). A parameter in determining the buildup is the ratio of the depth of the line-of-sight gap region to the width of the gap, although results are not too sensitive to this ratio. For ITER, the estimates are that the co-deposition of T in the gaps is below 0.2 gm/discharge, such that several thousand discharges could be performed without reaching the T safety limit, if this were the only mechanism of the co-deposition. Furthermore, if the carbon re-eroded from the chamber wall does not recycle locally, the net accumulation would be substantially less.
IV. GRAPHITE WALL SPUTTERING AND EVOLUTION
Carbon, so far, has been widely used as a first wall material in fusion research, and, as projected, will be used in ITER as a material for the divertor targets. However, the main problems with carbon as a candidate for the first wall material, are high erosion and tritium retention. In addition to the graphite-plasma interactions, other issues of plasma interactions with the first wall were considered in this session. A quadrupole mass spectrometer is used to monitor partial pressure growth of sputtering products due to ion dosing and the absolute sputtering yield is determined with calibrated hydrocarbon leaks. ATJ graphite (polycrystalline) targets at room temperature were used in experiments. While conventional wisdom suggests that the yield of the molecular ion D The initial results indicate that tungsten samples behave very differently while exposed simultaneously to plasma and heat pulses. Synergistic effects between the heat pulse and a deuterium plasma cause greater surface roughening and material removal (see Fig. 7 taken from Umstadter's talk). The enhanced erosion of surfaces at ITER-relevant impact energy is observed. The ablated material is found (using in situ spectroscopy) in the range of mm to several cm in front of surface. Such penetration of ablated material through the plasma is beyond the standard penetration length (on the order of the mean free path) of atoms of ablated material, and it suggests that clusters and nano-particles are part of the ablated material. It is also shown that the threshold for surface damage is lowered, which emphasizes the need for heat pulse testing to be completed during concurrent plasma exposure.
Roger Stoller (Oak Ridge National Laboratory) discussed atomistic simulations of energetic particle interactions with the first wall. Atomistic simulations of the interactions between energetic particles and a fusion reactor first wall have been carried out using molec-ular dynamics to investigate both primary damage formation in the structural first wall material and the sputtering of surface atoms which can lead to contamination of the plasma.
In the case of damage formation in the structural material, the results provide a quantitative measure of the effect of a nearby free surface on the evolution of atomic displacement cascades, and the nature of the residual damage produced. This damage is characterized by the total number of point defects (vacancies and interstitials), as well as the number Comparison of MD cascade in simulations conducted for iron at various distances from a free surface demonstrates a systematic effect on primary damage formation: stable vacancy production increases as cascade initiation site approaches surface; stable interstitial production may increase or decrease as cascade initiation site approaches surface (note that the number of vacancies is greater than the number of interstitials); vacancy clustering fraction increases and cluster sizes increase for near-surface cascades; changes in interstitial clustering are more modest for near-surface cascades; sputtering of atoms from structural material observed. The apparent visible "defect yield" will be higher for in-situ irradiation experiments than for bulk neutron irradiation. Future plans, in particular, include application of developed approach to other plasma-facing materials. 
